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WING-BODY COMJ3INATIONS AT SUPERSONIC SPEEDS 

By Warren A. Tucker- 

-- - SUMMARY -- - 

The lift of wing-body combinations a t  supersonic speeds is obtained 
by means of an approximate l inearized-theory analysis  which involves an 
assumption concerning t h e  geometry of t h e  body. Rectangular and tri- 
angular wing plan forms a r e  t rea ted ;  t h e  wing and body may be a t  d i f -  
f e r e n t  angles of a t tack .  Also,  the body may end a t  t h e  wing - t r a i l i n g  
edge o r  may extend f a r t h e r  back. The r e s u l t s  a r e  given i n  the form of 
simple generalized curves from which the  l i f t  o f  any s p e c i f i c  configu- 
r a t i o n  is r e a d i l y  obtained. 

A comparison with severa l  groups of experimental data  is presented 
t o  show t h a t  the  method predic t s ,  with acceptable accuracy, t h e  l i f t  on 
the  wing and on t h e  body. 

A question proposed by F e r r a r i  concerning the  optimum wing incidence 
f o r  minimum t o t a l  drag is  investigated; it appears t h a t ,  a t  moderate o r  
high supersonic speeds, wing incidence is of l i t t l e  value in  reducing 
t h e  t o t a l  drag. 

Several  char t s  a r e  presented t o  show how the  severa l  components of 
t h e  t o t a l  l i f t  a r e  d is t r ibu ted .  

I NTRODUC T I ON 

I n  t h e  pas t  f e w  years,  t h e  problem of t h e  l i f t  of wing-body con- 
f igura t ions  f l y i n g  a t  supersonic speeds has been cons idered by severa l  
authors,  who have approached the problem i n  d i f f e r e n t  ways. S p r e i t e r  
(ref. 1) has given t h e  so lu t ion  for  low-aspect-ratio t r i a n g u l a r  wings 
mounted on slender bodies which end a t  t h e  t r a i l i n g  edge of t h e  wing. 
F e r r a r i  (refs. 2 and 3)  has developed an i t e r a t i o n  method applicable t o  
rectangular  wings mounted oii ZoZies vhich may extend behind t h e  wing 
t r a i l i n g  edge. Fer rar i ’ s  work is notable f o r  being the  only one that 



2 NACA RM L32D22 

t r e a t s  r igorously t h e  lift on the  p a r t  of t h e  body behind the'wing 

t i o n  procedure may give an answer accurate  enough f o r  engineering use 

* 
t r a i l i n g  edge (commonly ca l l ed  t h e  af terbody) .  
p r inc ip le  requires  i t e r a t i o n ,  apparent ly  t h e  f i r s t  s t e p  i n  the  calcula-  

(see re fs .  3 and 4 ) .  Even with t h i s  s impl i f ica t ion ,  however, and i n  
s p i t e  o f  the. f a c t  t h a t  some shortening of t h e  numerical ca lcu la t ions  
is possible ( r e f .  5 ) ,  t h e  work involved i n  t h e  f irst  s t e p  of t he  i t e r a -  
t i o n  process is s t i l l  s u f f i c i e n t  t o  make F e r r a r i ' s  method one which is 
adapted better t o  the  intensive inves t iga t ion  of  t h e  d e t a i l s  of a 
pa r t i cu la r  configurat ion than t o  the  examinat ion of t he  over -a l l  char- 
a c t e r i s t i c s  of a wide range of configurat ions.  

Although t h e  method i n  

A more recent  contr ibut ion has been made by Nielsen and P i t t s  
( r e f .  6 ) .  This work includes an exact  so lu t ion ,  within the  framework 
of t he  l i n e a r  theory, f o r  the  pressure d i s t r i b u t i o n  due t o  u n i t  angle 
of a t t ack  of the  wing o f  a rectangular  wing-body combination. 
f i e l d  of appl ica t ion  of t h i s  method is similar t o  t h a t  of F e r r a r i ' s .  

The 

An approximate method of wider scope has been proposed by Morikawa 
i n  reference 7. By considering l imi t ing  cases,  and by making assumptions 
concerning the  pressures on the  body and on t h e  wing, Morikawa f inds  the  
integrated lift on the  wing and on t h e  body f o r  a wide range of param- 
e t e r s .  H e  presents r e s u l t s  f o r  wings of rectangular ,  de l ta ,  and,cl ipped-  
d e l t a  plan forms but considers only those cases i n  which the  body is  a t  
t h e  same angle of a t t a c k  as the  wing and extends no f a r t h e r  back than 
the  wing t r a i l i n g  edge (no af terbody) .  As Morikawa points  out,  such an 
analysis  should have experimental v e r i f i c a t i o n  before being too widely 
app 1 ied . 

c 

The present contr ibut ion is a l s o  an approximate method but  i s  
based on d i f f e r e n t  assumptions from those used by Morikawa. The 
pr inc ipa l  assumption is t h a t  t he  body can be replaced by a f l a t  p l a t e  
i n  the  plane of  t he  wing; the  l i f t  on t h e  wing and on the  body of t he  
r e su l t i ng  planar  configurat ion a r e  then r e a d i l y  ca lcu la ted  by standard 
methods. The method is appl ied t o  configurat ions having wings of e i t h e r  
rectangular or t r i angu la r  plan form, which may be a t  a d i f f e r e n t  angle 
of  a t t ack  from the  body. The e f f e c t  of t he  af terbody is a l s o  t r e a t e d  
i n  an approximate manner, s o  t h a t  the  body may end a t  the  t r a i l i n g  edge 
of t he  wing (no afterbody) o r  may extend f a r t h e r  back. A co r re l a t ion  
is  made with ava i lab le  experimental da t a  i n  order  t o  assess  the  v a l i d i t y  
of  t he  simplifying assumptions. d 

While the  present work was being completed, another approximate 
method proposed by Nielsen and Kaatari ( r e f .  8) became ava i lab le .  I n  
t h a t  paper, the  lift on the  wing is estimated by a modification of 
slender-body theory (ref.  1). 
body, t he  body is imagined t o  be col lapsed t o  a f lat  p la te ,  as i n  t h e  
present paper, but  only t h e  lift on t h e  body due t o  wing angle of a t t a c k  

In  order  t o  es t imate  t h e  l i f t  on the  
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is considered; t he  lift on the  body due t o  t h e  wing i n  t h e  presence of 
the  body upwash is  neglected. The e f f e c t  of an afterbody is approxi- 
mated i n  t h e  same general  manner as  i n  t he  present  paper, with a 
s l i g h t l y  g rea t e r  e f f e c t i v e  a rea  being used. The method is  appl ied t o  
configurations having wings o f  rectangular,  t r i angu la r ,  o r  t rapezoida l  
plan form a t  the  same angle of a t t a c k  as the  body. A comparison with 
a l a rge  number of experimental da ta  is presented t o  show t h a t  t h e  method 
predic t s  very c lose ly  the  t o t a l  l i f t  o f  wing-body combinations. 
method has a l c z  bee11 1x4 t.0 p red ic t  t he  d iv is ion  o f  lift between wing 
and body, but t he  r e s u l t s  a r e  not yet  ava i l ab le  i n  published form. 

The 

SYMBOLS 

a body radius  

S wing semispan 

C wing root  chord 

Y 

m s lope of wing leading edge (see f i g .  2 )  

x, Y rectangular  coordinates fo r  f i e l d  poin ts  

E ,q rectangular  coordinates f o r  source points  

Se exposed wing area  

v free-stream ve loc i ty  

9 free-stream dynamic pressure 

M free-stream Mach number 

p = WX 
wing angle of a t t a c k  CLW 

uB body angle of a t t a c k  

au upwash angle 

iW wing angle of incidence, aw - ag 

. 
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cp ve loc i ty  p o t e n t i a l  

cLW 

cLB 

CD 

L i f t  on wing 

qse 
wing l i f t  coe f f i c i en t ,  

L i f t  on body 

qse 
body lift coef f ic ien t ,  

Drag drag coef f ic ien t ,  - 
@e 

2s - aspect  r a t i o  of rectangular  wing, 
C 

A 

A l l  angles a re  i n  radians,  unless otherwise spec i f ied .  

NACA RM L32D22 

ASSUMPTIONS AND METHOD 

A t  the  outse t ,  t he  o r i g i n a l  problem w a s  broken down i n t o  three  

' (see f i g .  1). I n  f igure  1, the  l i f t  of t he  complete configuration, 
separate  pa r t s ,  as proposed i n  reference 9 by Lagerstrom and Van Dyke 

with t h e  wing a t  an angle of a t t a c k  and t h e  body a t  an angle of  
a t t a c k  UB, is shown as equal t o  the  l i f t  of  the  i so l a t ed  body p lus  t h e  
l i f t  of the two configurations on the  right-hand s ide  o f  t h e  f igure.  
I n  each of these  two configurations the  body is a t  zero angle of a t t a c k  
and extends t o  i n f i n i t y  ahead of t he  wing; i n  t h e  one case t h e  wing i s  
a t  an angle of a t t a c k  
var ies  with the  spanwise pos i t ion  along t h e  wing, being equal  t o  
the  upwash-angle d i s t r i b u t i o n  around t h e  i so l a t ed  body a t  angle of 
a t t a c k  UB. 
from t h e  t r a i l i n g  edge o f  t he  wing t o  a point  far enough ahead of t h e  
wing s o  t h a t  t he  influence of t h e  body nose can be considered negl igible ,  
then i n  the  nota t ion  of f igure  2 t h e  upwash angle has been shown by 
Beskin i n  reference 10 t o  be given by t h e  following equation: 

uw 

UW, and i n  the  o ther  case the  angle of  a t t a c k  
%, 

If the body is assumed t o  be approximately c y l i n d r i c a l  

Y a, = 

(1 + $ 
The l i f t  of t he  i so la ted  body can be assumed known ( r e f .  11 o r  12), so 
t h a t  t h e  remaining problem is  t o  f ind  t h e  l i f t  on the  wing and on the  
body of the two configurations a t  t h e  right-hand s i d e  of  f i gu re  1. It 
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is remarked t h a t  within the  framework of t he  l inear ized  theory the  
superposi t ion scheme shown i n  f igure  1 is not an approximction but is 
exact i n  the  sense t h a t  t h e  sum of the so lu t ions  t o  the  three  sub- 
problems is  the  complete so lu t ion  and requires  no i t e r a t i o n .  The 
purpose o f  t he  scheme is  t o  s implify the t o t a l  problem by means of a 
breakdown in to  severa l  bas ic  problems. 

The remaining problem is now considered. A rigorous so lu t ion  
(exce:pt fsr F e r r a r i ' e  i t e r a t i o n  method and the  work described i n  ref. 6 )  
has so far not been published and when it is found It w i i i  a h o a t  
c e r t a i n l y  be of such a length tha t ,  l i ke  F e r r a r i ' s  so lu t ion ,  it w i l l  
be bes t  adapted t o  de t a i l ed  ana lys i s  of a p a r t i c u l a r  configurat ion 
r a t h e r  than t o  a broad examination of t he  f i e l d .  
t o  obta in  usefu l  approximate values f o r  t h e  l i f t  on t h e  wing and on 
the  body, two assumptions a r e  made. The f irst  of these  assumptions is 
that t h e  cy l ind r i ca l  body can be replaced by a f l a t  p l a t e  i n  the  plane 
of  t h e  wing (but t he  upwash is s t i l l  taken t o  be t h a t  around the  cyl in-  
d r i c a l  body). This assumption, o f  course, v io l a t e s  physical  r e a l i t y  
because the  boundary condition on the  t r u e  body sur face  is no longer 
ne t ;  t h e  success of t he  approximation is bes t  judged by a l a t e r  com- 
par ison with experimental r e s u l t s .  
necessary only when the  body extends behind the  t r a i l i n g  edge of  the  
wing, i s  t h a t  the  l i f t  on t h e  body is confined within t h e  area shown 
i n  f igure  3. This assumption i s  again only an approximation t o  the  
a c t u a l  s i t ua t ion ,  as can be seen by an examination of t he  data  of r e fe r -  
ence 13, for  example. 

Therefore, i n  order 

The second assumptiorl, which is 

The reason f o r  making each of these approximations is the  same; 
namely, t o  s implify t h e  problem t o  the extent  t h a t  usefu l  approximate 
answers can be obtained without excessive ca lcu la t ion  f o r  f a i r l y  
extensive ranges of t he  var iab les  involved. I n  t h e  present  case, t he  
l i f t  on the  body and on the  wing w a s  determined i n  t h e  following manner. 
The wing-body combination was represented by a source d i s t r i b u t i o n  
appropriate  t o  each caae (rectangular o r  t r i angu la r  wing and wing angle 
of a t t a c k  given by uw o r  aU), and the  ve loc i ty  p o t e n t i a l  i n  each of 
t he  seve ra l  per t inent  areas, tak ing  due account of  t h e  t i p  e f f e c t  where 
present ,  was determined by  t h e  methods of Puckett and Eward ( re fs .  14 
and 15). 
stream l i m i t  of t h e  area; t h i s  s t e p  r e su l t ed  i n  the  spanwise l i f t  d i s -  
t r i bu t ion ,  which was then integrated ( i n  most cases numerically) over 
t he  wing and over the  body t o  give the ne t  l i f t  on each component. A 
t y p i c a l  case which i l l u s t r a t e s  t h e  procedure is described i n  the  appendix. 

The p o t e n t i a l  i n  each area was then evaluated a t  the  down- 
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PRESENTATION OF RESULTS 

Calculations have been made, by the  procedure described previously, 
of t he  l i f t  on t h e  wing and on t h e  body f o r  configurat ions having rec- 
tangular and t r i angu la r  wings. The r e s u l t s  were obtained i n  the  form 
of generalized l i f t - cu rve  slopes as functions of t he  generalized wing 
plan-form var iab le  PA ( f o r  rectangular  wings) o r  pm ( f o r  t r i angu la r  
wings), with the  body-wing s i z e  r a t i o  a /s  as a parameter. For a 
pa r t i cu la r  value of a/s, t h e  ca lcu la t ions  were ca r r i ed  out only fo r  
values of  PA o r  pm grea ter  than a c e r t a i n  minimum value determined 
by the  pos i t ion  of t he  Mach l i n e  from t h e  leading point  of t h e  wing- 
body juncture r e l a t i v e  t o  the  body o r  t o  t h e  wing t i p  ( f o r  t he  rec- 
tangular  wing only) .  

. 
The l imi t ing  cases a r e  shown i n  f igu re  4. 

The r e s u l t s  of t h e  ca lcu la t ions  a r e  presented i n  f igures  5 ,  6, 
and 7 f o r  t he  rectangular-wing case and i n  f igures  8, 9, and 10 f o r  t h e  
triangular-wing case. The curves f o r  t h e  tr iangular-wing case have 
been extrapolated pas t  t h e  l i m i t  shown i n  f igu re  4 t o  pm = 0, as ind i -  
cated by t h e  dashed pa r t s  of t h e  curves. 
extrapolat ion is  obvious; i n  the  case of f igures  8(a) and g(a)  t he  
f a i r i n g  was guided by reasoning concerning the  q u a l i t a t i v e  manner i n  
which the l i f t  is divided between the  wing and the  body f o r  combinations 
of Pm and a/s outs ide the  l i m i t  of f igure  4 (b ) .  The f a i r i n g  is  b e s t  
j u s t i f i e d  by t h e  l a t e r  comparison with experimental data, where f o r  
some points t h e  f a i r e d  p a r t s  of t h e  curves were used. 

I n  most cases t h e  method of 

In  each 
the  following components a r e  presented: 

t h e  l i f t  on the  wing due t o  wing angle of a t t a c k  
PCL, - 
aw 

PCLw - t h e  l i f t  on t h e  wing due t o  body upwash 
aB 

PCLB - 
aW 

t h e  l i f t  on t h e  body due t o  wing angle of a t t a c k  

PCL, - the  l i f t  on t h e  body due t o  t h e  wing i n  t h e  presence 
a B  body upwash 

figure 

of t h e  

The o r ig in  of these four  components is evident from an inspect ion of 
the  two configurations a t  the  right-hand s ide of figure 1. The lift 
components are presented i n  t h i s  manner i n  order  t o  preserve the  
gene ra l i t y  of separate  q g l e s  of a t t a c k ,  f o r ,  tk, wing and body. The .. * I  

" 
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t o t a l  l i f t  f o r  each p a r t  of  thk"c'onfiguration is found by simply adding 
t h e  components. Thus, i f  C L ~ ( B )  i s  defined as t h e  t o t a l  lift coef f i -  
c i en t  a c t i n g  on t h e  wing i n  t h e  presence of t he  body, then 

and i f  C is defined as t h e  t o t a l  l i f t  c o e f f i c i e n i  act ing 2:: %Be 
LB,(w) 

V semi - in f in i t e ly  long body i n  t h e  presence of  t h e  wing, then 

If t h e  body i s  not s emi - in f in i t e ly  long, then t o  CL ( ) must be added 

c t h e  l i f t  of t h e  i so l a t ed  body. Thus, i f  CLB(W) i s  defined as 

t h e  t o t a l  l i f t  a c t i n g  on t h e  f i n i t e  body i n  t h e  presence of  t h e  wing, 
then 

CLBo 9 

Values f o r  - , calculated f o r  a body l i f t -curve  slope o f  2 based on 
UB 

body base area (refs. 11 and 12), are given i n  f igu re  11. 
merely changes the  reference area from t h e  body base area t o  t h e  exposed 
wing area, t h e  reference a r e a  f o r  a l l  l i f t  coe f f i c i en t s  presented i n  
t h i s  paper. 

This f igu re  

Y COMPARISON W I T H  EXPERIMENTAL DATA 

The experimental data ava i lab le  f o r  comparison with t h e  calculated 
r e s u l t s  are by  no means numerous but they are s u f f i c i e n t  t o  permit some 
cszpsrisnn, I n  view of  t he  f a c t  t h a t  t h e  data from t h e  various sources 
are not  a l l  presented i n  t h e  same form and are riot e q w l l y  cm9let.e ( i n  

c 
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some cases tests have been made a t  only one Mach number, i n  o ther  cases .f 

not a l l  t h e  components of l i f t  have been measured) severa l  groups of 
data  are discussed separately.  Insofar  as is f e a s i b l e ,  each group of 
data  is presented i n  i t s  o r i g i n a l  form. 

Langley 9-inch supersonic-tunnel d a t a . -  Although t h i s  s e r i e s  of 
tests has not yet  been completed, some of t h e  r e s u l t s  have been made 
avai lable  t o  t h e  author in  unpublished form. Brief ly ,  the  investiga- 
t i o n  consis ts  o f  t e s t s  a t  th ree  Mach numbers of t e n  wings ( three  rec- 
tangular and seven t r i a n g u l a r )  and a s i n g l e  body, t e s t e d  alone and i n  
combination. In  addi t ion t o  measurements of t o t a l  l i f t ,  the  l i f t  on 
the  wing i n  the  presence of the  body is  measured by an i n t e r n a l  balance. 
For the triangular-wing case t h i s  is the only measurement t h a t  is yet  
available;  measurements f o r  the  rectangular-wing case are complete. 
Each t e s t  w a s  made a t  two values of Reynolds number, but the  s c a l e  
e f f e c t  was small. The data presented herein a r e  f o r  the  higher Reynolds 
number. 

. 

The experimental and estimated r e s u l t s  f o r  the rectangular-wing 
case a r e  compared i n  f igures  12, l3;and 14. The l i f t  coef f ic ien ts  
a r e  based on t o t a l  wing area  and the  l i f t - c u r v e  slopes a r e  per degree 
measure. The quant i t ies  compared a r e  i d e n t i f i e d  i n  the  ( a )  p a r t  of 
each figure.  The agreement i n  most cases is acceptable. 

The comparison f o r  t h e  triangular-wing case is  shown i n  f igures  15 
and 16. 
area. The agreement is sa t i s fac tory .  

The l i f t  coef f ic ien ts  f o r  t h i s  case are based on exposed wing 

Sparrow miss i le  data . -  These data were obtained from tests of a 
13.5-percent-scale model of t h e  Sparrow 13-D (XAAM-N-2) a i r - t o - a i r  
missi le  a t  the  Ordnance Aerophys i c s  Laboratory a t  Daingerf ie ld ,  Texas 
and have been presented i n  reference 16. 
of the  Sparrow miss i le  a r e  t r i a n g u l a r  but have d i f f e r e n t  apex angles. 
The tes t  program, which covered a range of Mach numbers from 1.5 t o  
2.5, included t e s t s  of the body-plus-wing and the  body-plus-tail  con- 
f igurat ions and it is the  data  from these t e s t s  which a r e  compared with 
the present estimates.  Forces were measured on the  body alone, on each 
combination (body plus wing and body plus t a i l ) ,  and on the  wing i n  
the presence of t h e  body. For the body-plus-wing configuration, tests 
were made not only with the  body a t  the same angle of a t t a c k  as t h e  

wing angle of a t t a c k  was varied.  

Both the wing and the  t a i l  

wing but also with the  body fixed a t  zero angle of a t t a c k  while t h e  a 

The appropriate comparisons a r e  made i n  f igures  17 and 18. A l l  
coef f ic ien ts  a r e  based on the  exposed area of the  wings and the  l i f t -  
curve slopes a r e  per degree measure. I n  f igure  17 t h e  l i f t  of t h e  
i so la ted  body has been subtracted from t h e  measured forces  where 
appropriate. The agreement is ,  i n  general, s a t i s f a c t o r y ;  the  cor re la t ion  
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f o r  t h e  body-plus-tail  configuration of fe rs  some hope t h a t  t he  method 
of es t imat ion may work f o r  configurations with no afterbody, and t h e  
r e s u l t s  f o r  t h e  forces  on t h e  wing i n  the  presence of t he  body show 
t h a t  t h e  method f a i r l y  estimates the  divis ion of load. I n  addi t ion,  
t h e  acceptable agreement f o r  t he  var iable-  and fixed-incidence cases 
ind ica tes  that t h e  e f f e c t  o f  t he  body upwash on t h e  wing and on t h e  
body is c o r r e c t l y  estimated. 

9 

Other d a t a . -  The foregoing groups of data are t h e  only ones ava i l -  
ab le  t h a t  are s u f f i c i e n t l y  complete t o  permii a direct c m p i r i s o n  of 
estimated and measured interference e f f ec t s  and components of l i f t .  
There a r e  other  data, however, fo r  the t o t a l  l i f t  of bodies and wings 
i n  combination and t h e  l i f t  estimated by t h e  present method can be 
compared with t h e  measwed values. Such a comparison, of course, i s  
not so valuable as t h e  preceding ones, but  it does provide a check on 
the  usefulness of t h e  method f o r  es t imat ing over -a l l  l i f t .  The da ta  
presented i n  reference 8 and references 16 t o  27 have been compared 
with t h e  estimated values of t o t a l  l i f t  and the  r e s u l t s  are shown i n  
f igures  19 and 20. For consistency, a l l  lift coe f f i c i en t s  have been 
based on exposed wing area and the  l i f t -curve  s lopes are per  degree 
measure. 
of t he  i so la ted  body, s ince  i n  a s t r i c t  sense t h e  est imat ion of t h i s  
quan t i ty  is not a p a r t  of t h e  wing-body in te r fe rence  problem. 
most of t h e  cases t h e  co r re l a t ion  is  s a t i s f a c t o r y ,  although t h e r e  is a 
tendency f o r  the  estimated values t o  be low, p a r t i c u l a r l y  f o r  t h e  
tr iangular-wing configurations.  

The comparison is shown both including and excluding t h e  lift 

For 

DRAG DUE TO LIFT 

An i n t e r e s t i n g  problem w a s  posed by F e r r a r i  i n  reference 2; namely, 
what value of wing incidence w i l l  produce t h e  minimum t o t a l  drag f o r  a 
given l i f t  coe f f i c i en t  of  t h e  wing-body system? 
course, is the  following: By what percentage may t h e  drag be reduced 
by using t h e  optimum value of wing incidence? F e r r a r i  worked out t h e  
answer f o r  a p a r t i c u l a r  configuration i n  reference 2 but t h e  numerical 
r e s u l t s  are not appl icable  because of  an e r r o r  ( later corrected i n  
ref. 3) i n  one of t he  boundary conditions.  

A r e l a t e d  question, of 

The following r e s u l t s  are obtained by following an ana lys i s  similar 
t o  t h a t  given by F e r r a r i  i n  reference 2. 
which is  due t o  lift is given by the following equation: 

The p a r t  of t h e  t o t a l  drag 

( 5 )  
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The optimum values of the  wing and body angles of a t t a c k  a r e  given by 
the  following equations : 

and the  wing angle of incidence is by d e f i n i t i o n  

iW % aB - = - - -  
PC, PC, PC, 

where 

PCLB + -  BO 
PCL 

a1 = - 
aB aB 

pcLB PcLw + -  a2 = - 
a B  a W  

P C L ~  
+ - + -  pcLBo 

a4 = - 
aB aB ?I3 

1 

c 
aB aB aB 

. 

( 9 )  
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The preceding r e l a t i o n s  were used with the  data presented i n  f i g -  
ures 6, 8, and 9 t o  determine t h e  optimum angles of incidence f o r  two 
s e r i e s  of wing-body combinations. One series had rectangular  wings and 
the  o ther  had t r i a n g u l a r  wings; both had long af terbodies .  The r e s u l t s  
a r e  presented i n  f igure  21. The most obvious conclusion t h a t  might be 
drawn i s  t h a t  only a t  low values of PA o r  pm (which, f o r  a given 
physical configuration, correspond t o  low-supersonic Mach numbers) and 
f o r  bodies t h a t  are large r e l a t i v e  t o  t h e  wings (high a/s values)  is 
t h e  o p t k a  iacidecre a.ngle posi t ive.  However, the a c t u a l  values of  
t h e  optimum angles are very s m a l l .  For example, a t  a Mach Iiuulijei- sf 
2.0 and a l i f t  coef f ic ien t  of 0.1, a value of 
corresponds t o  an incidence angle of about 1'. Furthermore, ca lcu la t ions  
of t h e  a c t u a l  drag f o r  the  optimum configurations showed t h a t  t h e  reduc- 
t i o n  i n  drag w a s  never grea te r  than 1 percent of the  drag due t o  l i f t  
f o r  t h e  corresponding zero-incidence configurations.  The f i n a l  con- 
clusion, therefore ,  is t h a t  a t  moderate o r  high values of supersonic 
Mach number wing incidence is of l i t t l e  value i n  reducing t h e  t o t a l  
drag. 

iw/PCL equal t o  0.1 

DIVISION OF LIFT 

The manner i n  which t h e  t o t a l  l i f t  is d is t r ibu ted  is of prime 
i n t e r e s t  i n  t h e  wing-body problem. The data presented i n  f igures  5 
t o  11 have been used t o  f ind  t h e  divis ion of lift f o r  wing-body com- 
binat ions with rectangular and t r iangular  wings a t  zero incidence f o r  
two values of t h e  parameters PA and pm, respectively,  and t h e  r e s u l t s  
are shown graphical ly  i n  f igures  22 t o  25. Certain general  fea tures  
a r e  demonstrated by both the  rectangular-wing and the  triangular-wing 
configurations;  namely, t h a t  r e l a t i v e l y  more of the t o t a l  l i f t  is 
c a r r i e d  by the  body f o r  the  higher values of PA o r  pm, t h a t  t h e  
in te r fe rence  l i f t  on the body i s  r e l a t i v e l y  l e s s  f o r  these  higher 
values of PA or pm, and t h a t  the  interference lift on the  wing is 
pr imari ly  a function only of the  r e l a t i v e  body s i z e  a/s. 

The interference l i f t  as a f r a c t i o n  of t h e  t o t a l  l i f t  may a l s o  be 
examined without regard t o  t h e  divis ion between wing and body; t h i s  
form of presentat ion is shown i n  f igures  26 and 27. Again the  
rectangular-wing and triangular-wing configurations e x h i b i t  t h e  same 
general  c h a r a c t e r i s t i c s :  The interference e f fec t  i s  r e l a t i v e l y  grea te r  
f o r  long-afterbody configurations and f o r  low values of PA o r  Pm, 
and t h e  value of t h e  r e l a t i v e  body s i z e  a t  which t h e  interference 
e f f e c t  i s  grea tes t  i s  l a r g e r  f o r  low values of PA o r  Bm. 

a/s 
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4 CONCLUDING FBMARKS 

A simple method i s  described f o r  es t imat ing the.  l i f t  a t  supersonic 
speeds of wing-body combinations having rectangular  o r  t r i a n g u l a r  wings. 
The body may extend behind the  wing t r a i l i n g  edge and t h e  wing may be 
a t  a d i f f e ren t  angle of a t t a c k  from the  body. 

The r e s u l t s  obtained a r e  compared with experimental data;  good 
agreement is shown. 
o r  high supersonic speeds, t h e  use of wing incidence is of l i t t l e  help 
i n  reducing t h e  t o t a l  drag. The r e l a t i v e  values of t he  d i f f e r e n t  com- 
ponents of t h e  t o t a l  l i f t  a r e  shown i n  a s e r i e s  of f igures .  

The r e s u l t s  are then used t o  show t h a t ,  a t  moderate 

Langley Aeronautical  Laboratory 
National Advisory Committee f o r  Aeronautics 

Langley F ie ld ,  V a .  

L 
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APPENDIX . 
1 -  

LIFT ON TRIANGULAR WING DUE TO BODY UPWASH FOR p m <  1 

The f irst  s t e p  i n  determining the l i f t  on a t r i a n g u l a r  wing due t o  
body upwash is t o  f i n d  t h e  ve loc i ty  poten t ia l  

used and the  setup f o r  t h e  necessary integratiuii  is ~hstrtl i ~ 1  f i w e  28. 

cp a t  any point on t h e  
--_In W &  n s r  (flit.) body surface.  The methods of references 14 and 15 are 

The p o t e n t i a l  is given by t h e  following equation: 

L 

which when integrated gives t h e  following r e s u l t :  

where 

... 
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Now the spanwise lift d i s t r i b u t i o n  on t h e  wing is  given by t h e  following 
expression: 

6 

where %E 
edge. 

i s  the  ve loc i ty  p o t e n t i a l  evaluated a t  t he  wing t r a i l i n g  

. 
The t o t a l  l i f t  on one exposed wing panel i s  t h e  following: 

and the  l i f t  coe f f i c i en t  becomes 

a 1- - 
0- 9 

o r  

a 
n- 
1 - s  

and when 
f o r  t he  l if t  coe f f i c i en t  on the  wing r e s u l t s :  

0 i s  evaluated from equation ( A 2 ) ,  then t h e  f i n a l  expression 
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+ 

This expression was evaluated numerically t o  give the  curves shown i n  
f igure  8(b).  
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Figure 3.- Area of t h e  f l a t - p l a t e  body within which the  l i f t  i s  
assumed t o  a c t .  
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(a) Rectangular wing. 

(b) Triangular wing. 

Figure 4.- Limiting cases for calculations. 
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( a )  L i f t  on the  wing due t o  wing angle of a t tack .  

3. a 

z. 0 

/* 0 

4 6 
PA 

(b )  L i f t  on the  wing Gue t o  bo* qva.sh. 

Figure 5.- L i f t  on wing f o r  wing-body combinations with rectangular  wings. 

, 
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(a)  L i f t  on the  body due t o  wing angle of a t tack .  

' 0  4 8 
PA 

(b )  L i f t  on the  body due t o  body upwash. 

Figure 6.- L i f t  on body f o r  wing-body combinations with rectangular  
wings and no af te rbodies .  
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(a) L i f t  on the  body due t o  wing angle of a t tack .  

(b)  L i f t  on the  body due t o  body upwash. 

Figure 7.- L i f t  on body f o r  wing-body combinations with rectangular  
wings and long af terbodie s .  
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.4 1.6 2-0 

(a )  L i f t  on the  wing due t o  wing angle of a t tnck .  

2.4 

20 

(b) L i f t  on the  wing due t o  body upwash. 

Figure 8.- L i f t  on wing f o r  wing-body combinations with triangular wings. 
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(a)  L i f t  on t h e  body due t o  wing angle of a t tack .  

(b )  L i f t  on t h e  body due t o  body upwash. 

Figure 9.- L i f t  on body f o r  wing-body combinations with t r i angu la r  wings 
' and no af terbodies .  
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( a )  L i f t  on the body due t o  wing angle of a t tack.  

%3 
/. 0 

" 0  -4 I* 6 20 2.4 

(b)  L i f t  on the  body due t o  body upwash. 

Figure 10.- L i f t  on body f o r  wing-body combinations with t r iangular  wings 
and long af terbodie s , 
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Figure 11.- Li f t  of isolated body. L i f t  coeff ic ient  based on exposed 
wing area. .. ., 
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Figure 11.- Concluded. 
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Figure 15. - Comparison with Langley 9-inch supersonic-tunnel r e s u l t s  
Sweepback angle for l if t  on t r iangular  wing i n  presence of body. 

of leading edge, 60'. 
a i n  degrees, 

Coeff ic ients  based on exposed wing area; 
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( c )  M = 2.40. 

Figure 16.- Z o q a r i s o n  w F t h  Langley 9-inch supersonic-tunnel r e s u l t s  
Suee=back angle f o r  lift on t r iangular  wing i n  presence or" bociy-. 

of leading edge, 45'. 
a i n  degrees. 

Coeff ic ients  based on exposed wing area; 
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(b)  Triangular wings. 

Angle of incidence f o r  minimum drag due t o  l i f t  . 
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(b) Long afterbody. 
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Figure 26. - In te r fe rence  l i f t  f o r  wing-body combinations w i t n  rectangGlay 
wings. 
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Figure 28.- Setup for in tegra t ion  described i n  appendix. 
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